ABSTRACr Spontaneous reciprocal mitotic recombination in the yeast Saccharomyces cerevisiae, associated with heteroallelic recombination, occurs almost exclusively at the twostrand stage and involves recombination of unduplicated chromosomes (i.e., during GI) or the unduplicated regions of chromosomes during the S phase of mitosis. The associated heteroallelic recombination frequently reflects the formation of symmetric Holliday structures, is not strongly polarized with respect to conversion at the heteroallelic trp5 sites studied, occasionally results in simultaneous conversion of widely separated genetic markers, and is positively correlated with recombination of flanking markers.
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The recent compelling evidence that genetic recombination involves the formation of Holliday structures (1) prompted a reexamination of the classical G2 model ( Fig. 1 ) (2) of mitotic recombination. Fig. 2 illustrates that sectored colonies can result from Holliday structures formed at the two-strand stage (e.g., Gi) when the Holliday structure is not cleaved and is replicated during the subsequent round of DNA synthesis (S phase). This mechanism, like that of exchange at the four-strand stage, generates the chromosomal genotypes resulting in daughter cells homozygous for markers distal to the site of exchange.
The purpose of the experiment described below was to determine whether spontaneous mitotic recombination in yeast occurs at the four-strand stage as in Fig. 1 or at the two-strand stage as in Fig. 2 . The experimental data lead to the conclusion that the spontaneous mitotic recombination observed is due primarily to recombination between either unreplicated homologous chromosomes (during Gl) 
RESULTS
Experimental Design and Rationale. Mitotic cultures of OR1 plated on tryptophanless medium yield red, white, and red-white sectored tryptophan-independent colonies due to heteroallelic recombination at the trp5 locus ( Table 1 ). The white phenotype reflects conversion-associated exchange in the vicinity of the trp5 locus resulting in homozygosity for the ade5 mutation. Homozygosity for the ade5 mutation blocks synthesis of the red pigment accumulated by ade2/ade2,ADE5/ADE5, and ade2/ade2,ADE5/ade5 diploids (6) .
Red-white sectored TRP + colonies were used to distinguish two-strand versus four-strand mitotic 8.7 X 10-7 0.8 X 10-7 0.9 X 10-7 A total of 6/19,382 red-white sectored trp-colonies were recovered from nonselective synthetic complete medium, an overall frequency of 3 X 10- 4. necessary to demonstrate that red-white sectored TRP + colonies represent a single conversion-associated exchange event occurring at the time of plating. For this purpose the recombination rates per cell division were calculated for the events generating red (i.e., ADE5/ade5 and ADE5/ADE5) TRP+ colonies and white (i.e., ade5/ade5) TRP + colonies (Table 1) . When one compares the rate with which ade5/ade5 TRP + cells occur per cell division (0.8 X 10-7) with the rate (-frequency) for events generating red-white sectored TRP + colonies (0.9 X 10-7) one may conclude that the event generating red-white sectored TRP + colonies is no more complex than and very likely the same as that which generates the white ade5/ade5 TRP + cells accumulated during growth of a culture.
Genotypic Analysis of Red-White Sectored TRP+ Colonies. The genotypes at the trp5 locus expected from Gi and G2 conversion-associated exchange in the case of red-white sectored TRP + colonies are illustrated in Figs. 3 and 4 and Table 2 . The analysis is based upon the Meselson-Radding general model of recombination (7) slightly modified to accommodate GI events. Red-white TRP + colonies due to GI events can result (Fig. 3) Heteroallelic recombination at the trp5 locus and associated exchange at the four-strand (e.g., G2) stage. After the S phase, two nonsister chromatids (2 and 3) participate in the formation of a symmetric Holliday structure in the vicinity of the trp5-c and trp5-d heteroalleles. In order to obtain a TRP5 prototrophic clone sectored for the ade5 mutation, conversion at the trp5 locus on both chromatids 2 and 3 must yield a TRP+ recombinant. Isomerization and cleavage of the crossing strands of the Holliday structure in the recombinant configuration with respect to the distal marker ade5 and segregation of chromatids 1 and 3 from 2 and 4 at mitosis results in a TRP+ colony exhibiting segregation of ade5. The ADE5/ADE5 portion of the sector is of genotype TRP5Itrp5-d and the ade5/ade5 portion has the genotype TRP5/trp5-c. The There were 12 of these, and 14/24 mismatches were repaired. The lower limit for the probability of mismatch repair is thus approximately 0.6.
Positive Association of Conversion at the trp5 Locus and Intergenic Recombination. The total recombination rate for events generating T(P + heteroallelic recombinants is 9.5 X 10-7 per cell division (i.e., 8.7 X 10-7 + 0.8 X 10-7 from Table  1 ). The observed recombination rate for events associated with exchange was 0.9 X 10-7 (Table 1) . This is unambiguous evidence for a nonrandom positive association of the two events because the rate of red-white sector formation in the unselected population is ca 3 X 10-4 per cell division ( Table 1 ). The expected rate of formation of red-white sectored TRP5 clones if the events were independent is (9.5 X 10-7) X (3.0 X 10-4) = 2.8 X 10-10. The observed rate, 0.9 X 10-7, is significantly greater than expected. DISCUSSION The observation that the mitotic recombination studied here occurs chiefly at the two-strand stage whereas meiotic recombination occurs at the four-strand stage may simply reflect the fact that pairing of chromosomes in meiosis occurs after the S phase. The paucity of nonsister chromatid exchange in mitosis suggests that a chromatid bearing a nick or gap needed to initiate recombination is more likely to recombine with its nearby sister rather than with a nonsister chromatid located elsewhere in the postreplicative (G2) nucleus. In meiotic cells the nature of the pairing process (e.g., the structure of the synaptonemal complex) may foster nonsister chromatid exchange, thereby ensuring the formation of the chiasmata that prevent nondisjunction of bivalents.
Evidence of two-strand mitotic recombination in other regions of the genome, utilizing nonselective techniques, will be required to test the generality of the observations reported here. Pedigree analysis of unselected daughter cells can provide further evidence that spontaneous mitotic recombination occurs at the two-strand stage, as in Fig. 3 
